Deregulation of the Wnt signal transduction pathway underlies numerous congenital disorders and cancers. Axin, a concentration-limiting scaffold protein, facilitates assembly of a "destruction complex" that prevents signaling in the unstimulated state and a plasma membrane-associated "signalosome" that activates signaling following Wnt stimulation. In the classical model, Axin is cytoplasmic under basal conditions, but relocates to the cell membrane after Wnt exposure; however, due to the very low levels of endogenous Axin, this model is based largely on examination of Axin at supraphysiological levels. Here, we analyze the subcellular distribution of endogenous Drosophila Axin in vivo and find that a pool of Axin localizes to cell membrane proximal puncta even in the absence of Wnt stimulation. Axin localization in these puncta is dependent on the destruction complex component Adenomatous polyposis coli (Apc). In the unstimulated state, the membrane association of Axin increases its Tankyrase-dependent ADP-ribosylation and consequent proteasomal degradation to control its basal levels. Furthermore, Wnt stimulation does not result in a bulk redistribution of Axin from cytoplasmic to membrane pools, but causes an initial increase of Axin in both of these pools, with concomitant changes in two post-translational modifications, followed by Axin proteolysis hours later. Finally, the ADP-ribosylated Axin that increases rapidly following Wnt stimulation is membrane associated. We conclude that even in the unstimulated state, a pool of Axin forms membrane-proximal puncta that are dependent on Apc, and that membrane association regulates both Axin levels and Axin's role in the rapid activation of signaling that follows Wnt exposure.
Introduction
The Wnt/Wingless signal transduction pathway directs fundamental cellular processes during animal development and tissue homeostasis, whereas Wnt pathway deregulation results in numerous cancers and congenital disorders [1, 2] . In the unstimulated state, the concentration-limiting scaffold protein Axin facilitates assembly of a cytoplasmic "destruction complex" that includes the tumor suppressor Adenomatous polyposis coli (Apc) as well as glycogen synthase kinase 3 (GSK3) and targets the transcriptional activator β-catenin for proteasomal degradation. Binding of Wnt ligands to their transmembrane co-receptors LRP6/Arrow and Frizzled induces rapid phosphorylation of the intracellular tail of LRP6, creating binding sites for Axin [3] [4] [5] [6] . The consequent recruitment of Axin, GSK3, and the cytoplasmic component Dishevelled to LRP6 and Frizzled promotes assembly of an activation complex termed the "signalosome" [7] . Axin is thought to facilitate signaling by acting as a scaffold for the signalosome [3, 5] and by promoting LRP6 phosphorylation following Wnt stimulation [4] , although the initial phosphorylation of LRP6 may occur independently of Axin [8] . Signalosome assembly results in β-catenin stabilization and the transcriptional regulation of Wnt pathway target genes [3, 4, 9] .
The levels of Axin under basal conditions are very low [10, 11] , and regulated by the ADPribose polymerase Tankyrase (Tnks). Tnks-mediated ADP-ribosylation targets Axin for ubiquitin-dependent proteasomal degradation [12] [13] [14] . The role of Tnks in controlling Axin levels is conserved in Drosophila [15] [16] [17] [18] . Due to functional redundancy in vertebrate Tnks homologs [19] , the in vivo settings in which mammalian Tnks promotes Wnt signaling remain uncertain, but it is known that in Drosophila, the requirement for Tnks is context-specific, as Tnks is dispensable for many Wingless-dependent developmental processes [15, 17] . However, in the adult Drosophila intestine, Tnks is essential for target gene activation within regions where Wingless is present at relatively low concentration and promotes the Wingless-dependent regulation of midgut stem cell proliferation [17, 20] . Furthermore, when endogenous Axin levels are increased by only two-fold, Tnks is required for Wingless-dependent cell fate specification in the embryonic epidermis [18] . In addition, Tnks-mediated ADP-ribosylation of Axin promotes not only Axin proteolysis in the unstimulated state, but also the rapid transition in Axin activity that follows Wnt stimulation and the interaction of Axin with phospho-LRP6, which is a key step in the activation of signaling [18] .
In the classical model, Axin localizes in the cytoplasm under basal conditions, but relocates to the plasma membrane following Wnt stimulation [7, 21] . However analysis of Axin regulation under physiological conditions has been impeded by the very low levels of endogenous Axin. Therefore, previous in vivo work regarding the relocation of Axin that follows Wnt stimulation was based largely on overexpression of Axin to levels that completely inhibited Wnt signaling in Drosophila embryos, thus disrupting its physiological regulation [21, 22] . In these studies, overexpressed Axin was described as "dots" that localized either throughout the cytoplasm in the unstimulated state or primarily at the plasma membrane after Wingless stimulation. Based on these findings, the authors concluded that Wingless exposure induces the bulk relocation of Axin from cytoplasm to plasma membrane. However, the Axin-GFP fusion protein used in these studies was not only highly overexpressed but also aberrantly stabilized; this Axin-GFP abrogated Wnt signaling and was refractory to the degradation of Axin that occurs several hours after Wnt stimulation in Drosophila [18, 23] and vertebrate cells [8, [24] [25] [26] .
Here, we investigate the regulation of endogenous Drosophila Axin in vivo. We find that even in the unstimulated state, a pool of Axin is localized in puncta at the cell periphery through association with the plasma membrane and/or vesicles just proximal to the membrane. Axin's localization at these peripheral puncta is independent of Wingless stimulation, but dependent on Apc. Furthermore, membrane association increases the ADP-ribosylation of Axin and thereby promotes Tnks-mediated proteasomal degradation under basal conditions. Moreover, we find no evidence for the bulk redistribution of Axin from cytosolic to membrane-associated pools following Wingless stimulation in vivo or in cultured embryonic cells. Instead, we find that Wingless exposure initially results in increased levels of both cytoplasmic and membrane-associated Axin accompanied by changes in two post-translational modifications, followed by Axin proteolysis hours later. Importantly, Wingless stimulation induces a preferential increase in the pool of ADP-ribosylated Axin associated with the membrane. As ADP-ribosylation promotes the interaction of Axin with phospho-LRP6 [18] , the increased levels of membrane-associated ADP-ribosylated Axin may facilitate rapid and robust Wnt pathway activation through both local enrichment at the membrane and increased interaction with LRP6. We conclude that the formation of membrane-proximal Axin puncta, some of which may represent the sites of the destruction complex, depends on Apc, and that membrane association both regulates Axin levels and leaves Axin poised for rapid activation of the Wnt pathway.
Results

Axin is localized in cell membrane-proximal puncta in the unstimulated state
To characterize the subcellular localization of endogenous Axin, we examined confocal sections of larval imaginal disc epithelia stained with an Axin antibody at subapical (Fig 1A-1C) and basolateral (Fig 1D-1I ) levels. We confirmed the specificity of the Axin antibody by comparing the Axin signal in wild-type cells with that in juxtaposed mitotic clones of Axin null mutant cells (labeled -/-in panel). Double labeling with Armadillo/β-catenin antibody provided a reference for subcellular localization. As expected, Armadillo was enriched at the adherens junctions that demarcate the subapical plasma membrane [27] (Fig 1C) and was also observed in the cytoplasm of Axin null mutant cells, resulting from inactivation of the destruction complex [28] (Fig 1A and 1C) . Weak background staining was observed in the Axin null mutant clones; however the Axin antibody revealed strong and uniform endogenous Axin signal in the apical cytoplasm of wild-type cells, at and above the level of the adherens junctions (Fig 1B) .
In contrast with its uniform localization in apical sections, Axin signal was prominent at the cell cortex in basolateral sections, and in particular at the vertices between neighboring cells (Fig 1D-1F) . The Axin signal was markedly reduced in Axin null mutant cells, verifying its specificity. To determine the localization of cortical Axin with respect to the basolateral cell membrane, we co-stained imaginal discs with antibodies against Axin and Fas III, which demarcates the basolateral cell membrane [29] . Axin staining partially overlapped that of Fas III, but was not identical (Fig 1G-1I ): close examination revealed Axin in puncta at or juxtaposed with the basolateral plasma membrane (Fig 1G'-1I' ), even at regions far from the Wingless-expressing cells. To determine whether this unanticipated Axin localization was restricted to larval stages, we also co-stained pupal wings, in which Wingless expression in very restricted [30] , with antibodies against Axin and Discs Large (Dlg), another basolateral membrane marker [31] . Importantly, by comparison with cells in the larval wing disc, the larger size of cells in pupal wings permitted unequivocal discrimination between cell membrane and cytoplasm. As observed in larval wing discs, Axin was present ubiquitously in puncta juxtaposed with the basolateral membrane of epithelial cells in pupal wings (Fig 1J-1L ). These findings revealed that in addition to a diffusely distributed cytosolic pool, Axin is localized in membrane-proximal puncta throughout the wing epithelium at multiple developmental stages in the absence of Wingless stimulation, indicating that the localization of Axin to membrane-associated puncta occurs independently of Wingless exposure.
To distinguish the cytoplasmic and membrane-associated Axin pools using an independent approach, we fractionated lysates from cultured Drosophila embryonic S2R+ cells and analyzed these lysates by immunoblotting with Axin antibody. The transmembrane protein LRP6/ Arrow and the cytosolic protein α-tubulin were used as controls for the efficiency of subcellular fractionation (Fig 1M) . Consistent with our in vivo observations, endogenous Axin was present not only in the cytosolic fraction, but also the membrane fraction, even in the absence of Wingless stimulation (Fig 1M) . Quantification indicated that endogenous Axin is present almost equally in the cytoplasmic and membrane fractions (Fig 1N) . Notably, cytoplasmic and membrane-associated Axin displayed different migration rates in SDS-PAGE, suggesting that Axin from each pool is subject to differential post-translational modification in these cells (Fig 1M) .
To further investigate the subcellular distribution of endogenous Axin in the unstimulated state, we fractionated lysates from wild-type Drosophila embryos that were collected within 2.5 hours of development, which is prior to the onset of Wingless expression [32] . Immunoblots with Axin antibody revealed that Axin was present nearly equally in the cytosolic and membrane fractions (Fig 1O and 1P) . Although we cannot exclude the possibility that some Axin is present in cytoplasmic vesicles, these results, coupled with our immunostaining data from larval and pupal wings, support a model in which a pool of Axin is juxtaposed with the membrane in the unstimulated state.
Apc promotes localization of Axin to puncta juxtaposed with the cell membrane in the unstimulated state
We sought to determine if the localization of Axin to membrane-associated puncta occurs through interaction with its binding partners. We first examined cells that were devoid of the co-receptors required for the response to Wingless stimulation: LRP6/Arrow and the functionally redundant Frizzled (Fz) and Frizzled 2 (Dfz2) [33] [34] [35] [36] . In clones of arrow null mutant cells in the larval wing discs, the localization of Axin near the basolateral plasma membrane was the same as in neighboring wild-type cells (S1A- S1C Fig) . Similarly, in clones of fz Dfz2 double null mutant cells, the localization of Axin was indistinguishable from that of the neighboring wild-type cells (S1D- S1F Fig) . These findings suggested that Axin localization to peripheral puncta does not require interaction with Frizzled or Arrow, and provided further evidence that the existence of a membrane-associated Axin pool does not require Wingless pathway activation nor the interaction of Wingless with Arrow or Frizzled.
Apc2, which binds Axin in the destruction complex, is present both in the cytoplasm and at the cell cortex in Drosophila embryos [37, 38] . To determine the subcellular localization of Apc2 in larval wing imaginal discs, we examined endogenous Apc2 using an Apc2 antibody. Immunostaining revealed strong signal in wild-type tissue that was markedly reduced in juxtaposed clones of Apc2 null mutant cells, verifying the specificity of the Apc2 antibody (Fig 2A-2C ). Double staining with Fas III antibody revealed that at the level of the basolateral cell membrane, Apc2 was present not only in the cytoplasm, but also enriched at the cell cortex ( Fig  2E) . The Apc2 signal overlapped, but was distinct from Fas III and was prominent at the vertices between neighboring cells (Fig 2D-2F ). Double labeling experiments revealed that Apc2 and Axin co-localized at some puncta that were juxtaposed with cell membrane (Fig 2G-2I) , suggesting that these puncta may represent sites of the destruction complex.
As Axin partially co-localizes with Apc2, we sought to determine if Apc promotes Axin localization in puncta juxtaposed with the cell membrane. We examined Axin staining in either Apc2 or Apc1 null mutant clones in larval wing imaginal discs. In sharp contrast to its punctate staining at the periphery of wild-type cells, Axin staining was more diffuse in Apc2 or Apc1 mutant clones, although some Axin puncta remained (Fig 2J-2N and 2O-2S). Fas III staining confirmed that the morphology of cells in Apc2 or Apc1 clones was the same as the neighboring wild-type cells (Fig 2M and 2R) , indicating that the decreased Axin localization to puncta at the cell periphery was not a secondary consequence of disrupted cell morphology. Importantly, previous genetic and biochemical studies had demonstrated that endogenous Axin is not destabilized as a consequence of Apc loss [16] ; therefore, the decreased localization of Axin in peripheral puncta is not secondary to decreased Axin levels in Apc mutant cells. Based on these results, we conclude that Apc promotes Axin localization to puncta at the cell periphery in the unstimulated state.
An in vivo system for analysis of membrane-associated Axin
Next, we sought to analyze the function and regulation of membrane-associated Axin. To address this, we generated an Axin transgene (Myr-Axin-V5) in which we added to the Axin amino-terminus a ten amino acid myristoylation sequence from the Drosophila Src protein [39] , which is known to target proteins to membranes [40, 41] . Myr-Axin-V5 and an Axin-V5 transgene that does not contain the myristoylation sequence but is otherwise identical [18] , were integrated at the same genomic site to allow for their direct comparison in the absence of transcriptional position effects. To investigate the effect of the myristoylation sequence on the subcellular localization of Axin, we analyzed the adult midgut, in which the large size of absorptive epithelial cells (enterocytes) permits unequivocal distinction between plasma membrane and cytoplasm. In contrast with Axin-V5, which localized to both cytoplasm and cell membrane, Myr-Axin-V5 was localized predominantly at the cell membrane (Fig 3A and 3B) , indicating that the myristoylation sequence was effective in targeting Axin to the plasma membrane, consistent with previous work [42] . To test this conclusion using an independent approach, we expressed Myr-Axin-V5 or Axin-V5 in S2R+ cells and determined their distribution using subcellular fractionation. Axin-V5 was distributed nearly equally in the cytoplasmic and membrane fractions; in contrast, Myr-Axin-V5 was highly enriched in the membrane fraction ( Fig 3C) . We conclude that the myristoylation sequence is sufficient for the membrane targeting of Axin.
We previously established a system to express an Axin-V5 transgene within the Axin physiological threshold in larval wing imaginal discs using the C765-Gal4 or 71B-Gal4 drivers [16] . We sought to use this system to express membrane-targeted Axin within physiological range and to study its regulation. Therefore, we first examined Axin protein levels in lysates from control wing discs or those expressing either the Myr-Axin-V5 or Axin-V5 transgene with the C765-Gal4 driver (Fig 3D) . Quantification revealed a two-fold and four-fold increase in Axin levels in wing discs expressing Myr-Axin-V5 or Axin-V5 respectively, by comparison with controls expressing only endogenous Axin (Fig 3E) . These levels of Myr-Axin-V5 and Axin-V5 are below the threshold at which Axin overexpression disrupts Wingless signaling in wing discs [16] . To test this conclusion using an independent approach, we determined whether Myr-Axin-V5 expression at these levels disrupted Wingless signaling in wing discs. Staining with an antibody against Senseless, a Wingless signaling readout at the dorso-ventral boundary of the third instar larval wing imaginal disc, revealed a pattern that was indistinguishable from controls ( Fig 3F-3H ). In addition, expression of Axin-V5 or Myr-Axin-V5 using the C765-Gal4 driver did not disrupt the morphology of adult wings ( Fig 3I-3K and 3I'-3K'). Similar results were obtained when Axin-V5 or Myr-Axin-V5 was expressed using the 71B-Gal4 driver (S2 Fig) . Taken together, these findings indicated that when expressed within physiological range, membrane-tethered Axin does not disrupt normal Wingless signaling.
Membrane-associated Axin is sufficient for Wingless signaling
To determine whether membrane-targeted Axin expressed within physiological range was sufficient to replace the function of endogenous Axin, we tested whether Myr-Axin-V5 could restore normal signaling in Axin null mutants. As expected, senseless was ectopically expressed in Axin null mutant clones, resulting from the aberrant activation of Wingless signaling (Fig 4A-4C ). In contrast, expression of Myr-Axin-V5 in wing discs using the 71B-Gal4 driver fully prevented ectopic senseless expression even in the absence of endogenous Axin, and importantly, did not disrupt physiological senseless expression (Fig 4D-4F) . Similarly, the aberrant stabilization of cytoplasmic Armadillo in Axin mutant cells (Fig 4G-4I ) was fully prevented in cells expressing Myr-Axin-V5 (Fig 4J-4L ). These results suggested that membrane-bound Axin can functionally replace endogenous Axin in both the destruction complex and signalosome. Our results in wing imaginal discs are consistent with the ability of membrane-bound Axin to functionally replace endogenous Axin during embryogenesis [42] . Taken together, these findings suggested that membrane-associated Axin is sufficient for proper regulation of Wingless signaling.
Membrane association promotes Axin degradation through Tnksdependent ADP-ribosylation
We observed, unexpectedly, that levels of Myr-Axin-V5 were lower than those of Axin-V5, as revealed by immunoblotting of lysates from cultured cells and larval wing discs expressing these respective proteins (Fig 3C, lane 1 and lane 4 and Fig 3D and 3E) , suggesting that the membrane targeting of Axin may result in its destabilization. To rule out the possibility that the addition of amino acids to the Axin amino-terminus inadvertently disrupted Axin regulation, we generated a control transgene, Myr G-A -Axin-V5, in which substitution of a single amino acid (Gly to Ala) within the myristoylation sequence is known to abolish myristoylation and membrane localization [43] . We found that Myr G-A -Axin-V5 was present at much higher levels than Myr-Axin-V5 in larval wing discs (Fig 5A and 5B) . The same result was observed in lysates from adult midguts (S3A Fig), suggesting that the decreased levels of Myr-Axin-V5 were a specific consequence of its membrane association. Together, these findings suggested that the association of Axin with the membrane promotes its proteolysis. As we had found that targeting Axin to the membrane results in its destabilization, we sought to determine whether Tnks, which is known to target Axin for degradation, promotes the proteolysis of membrane-associated Axin. To address this question, we generated a transgene encoding membrane-tethered Axin lacking the Tnks binding domain (MyrAxinΔTBD-V5). We postulated that if Tnks were important for Axin degradation at the membrane, then Myr-AxinΔTBD-V5 would be more stable than Myr-Axin-V5. Expression of MyrAxin-V5 or Myr-AxinΔTBD-V5 in S2R+ cells supported this hypothesis; Myr-AxinΔTBD-V5 was present at higher levels than Myr-Axin-V5 (Fig 5C) . These results suggested that Axin degradation at the membrane required the Tnks binding domain of Axin.
To test whether Tnks promotes the degradation of membrane-associated Axin in vivo, we expressed Axin-V5 or Myr-Axin-V5 using the C765-Gal4 driver in wing discs of either wildtype or Tnks mutants and compared Axin levels. We found that inactivation of Tnks significantly increased the levels of Myr-Axin-V5 to levels comparable to Axin-V5 (Fig 5D and 5E) , suggesting that Tnks-dependent proteolysis is a major mechanism that promotes the degradation of membrane-associated Axin. Supporting this conclusion, elimination of Tnks also increased the levels of Myr-Axin-V5 in adult midguts (S3B Fig). Furthermore, immunostaining revealed that even at these increased levels, Myr-Axin-V5 still localized predominately to the cell membrane of adult midgut enterocytes, suggesting that the subcellular distribution of Myr-Axin-V5 is not due to its lower levels (S3C- S3E Fig) . Together, these findings provided evidence that Tnks-dependent Axin proteolysis destabilizes Axin at the membrane.
As Tnks is known to target Axin for proteolysis through ADP-ribosylation, we sought to determine if association with the membrane promotes Axin ADP-ribosylation, and thereby Axin degradation. To detect the low levels of ADP-ribosylated Axin, we took advantage of the finding that ADP-ribosylated Axin is recognized by the RING-type E3 ubiquitin ligase RNF146/Iduna for ubiquitination and subsequent degradation [13, 14, 44, 45] . The WWE domain of RNF146 interacts directly with poly(ADP-ribose) in Axin to promote its ubiquitination. Pull downs using the WWE domain of RNF146 coupled to glutathione S-transferase (GST) specifically detect ADP-ribosylated Axin [14] . Therefore, to determine the level of ADP-ribosylated Axin in vivo, lysates from larvae expressing Axin-V5 were subjected to pull down with GST-WWE or the GST-WWE R163A control, in which an arginine to alanine substitution abolishes interaction with poly(ADP-ribose) [14] . The pull down of Axin-V5 with GST-WWE, but not the GST-WWE R163A control, confirmed the specificity of the assay ( Fig   5F) . We further confirmed the specificity of the pull-down experiments through Tnks inactivation: ADP-ribosylated Axin-V5 was not detected in the GST-WWE pull-downs in lysates from Tnks null mutant larvae, in contrast with wild-type (Fig 5G) . To determine the extent to which the membrane-associated pool of Axin is ADP-ribosylated in vivo, we expressed Axin-V5, Myr-Axin-V5 or Myr G-A -Axin-V5 in the wing discs of third instar larvae. As myristoylation of Axin-V5 results in markedly reduced levels, more larvae expressing Myr-Axin-V5 were used to obtain a comparable input for the GST-WWE pulldown assay. We found that the level of ADP-ribosylation of Myr-Axin-V5 was much higher than that of Axin-V5 or Myr G-A -Axin-V5 (Fig 5H) . These findings suggested that membrane association of Axin results in an increased pool of ADP-ribosylated Axin.
Axin membrane association does not require Tnks-dependent ADPribosylation
As we had found that membrane association destabilizes Axin under basal conditions and that Tnks promotes the degradation of membrane-associated Axin (Figs 5 and S3) , we sought to determine whether Tnks-mediated ADP-ribosylation is required for Axin membrane association. To test this hypothesis in vivo, we performed subcellular fractionation of lysates from wild-type and Tnks null mutant embryos within 2.5 hours of development (prior to Wingless expression) and determined the distribution of endogenous Axin in membrane and cytoplasmic fractions using immunoblots. We found that the subcellular distribution of Axin in Tnks null mutant embryos was similar to that in wild-type embryos, with pools of Axin in both the cytoplasmic and membrane fractions (Fig 6A) . This finding suggested that Tnksmediated ADP-ribosylation is not essential for Axin membrane association. To test this conclusion using another approach, we investigated whether the Tnks binding domain of Axin is important for its membrane localization. We fractionated lysates from S2R+ cells expressing Axin-V5 or AxinΔTBD-V5, and examined the distribution of Axin in immunoblots with V5 antibody. Equivalent levels of both Axin-V5 and AxinΔTBD-V5 were present in cytoplasmic and membrane compartments (Fig 6B) . These findings indicated that Tnks and the Tnks binding domain of Axin were dispensable for Axin membrane association. We conclude that ADPribosylation is not required for Axin membrane association, but that the membrane association of Axin results in increased ADP-ribosylation.
Wingless stimulation results initially in increased levels of both membrane-associated and cytosolic Axin prior to Axin proteolysis hours later
Previous work based on Axin overexpression suggested that Wingless stimulation induced the bulk relocation of Axin from cytoplasm to cell membrane in Drosophila embryos [21, 22] . Recently, we re-examined the effects of Wingless exposure in Drosophila embryos using an Axin-V5 transgene that is expressed within two-fold of endogenous levels, is able to replace the function of endogenous Axin, and does not disrupt Wnt signaling [18] . We discovered that Axin levels increase in Wingless-responding cells within thirty minutes of Wingless stimulation, resulting in a segmentally striped pattern of Axin in Drosophila embryos (Fig 7A-7C) , prior to Axin degradation hours later, and that this process is conserved in vertebrate cells [18] . We sought to use this in vivo system to examine the subcellular localization of Axin. . Axin-V5 is distributed in wide segmental stripes (brackets on top) that overlap the Wg stripes (black arrows on top). Cells surrounding the Wg stripes display increased Axin intensity that is present at both the cell membrane and within the cytoplasm (white arrows) compared with cells between neighboring Axin stripes (yellow arrowheads). Axin is present in puncta at the cell periphery even in the absence of Wingless (yellow arrowheads). Scale bars: 25 μm. Within the first three hours of embryogenesis, prior to the onset of Wingless expression, Axin was present both in the cytoplasm and at the plasma membrane, as revealed by its partial overlap with the transmembrane protein Neurotactin [46] (S4 Fig). Notably, within thirty minutes following Wingless exposure, Axin puncta were observed near the cell periphery both in cells responding to Wingless stimulation and in those not exposed to Wingless (Fig 7D and 7E) . Importantly, we did not detect bulk redistribution of Axin from cytoplasm to membrane in Wingless responding cells, but instead found increased Axin signal in both the cytoplasm and at the plasma membrane ( Figs 7D, 7E and S5) . These results are in sharp contrast with a previous finding in which overexpressed Axin-GFP associated with the plasma membrane only in cells responding to Wingless stimulation [21] . We conclude that Wingless exposure induces an increase in Axin levels in both the cytoplasm and at the plasma membrane, and not bulk redistribution from cytoplasmic to membrane pools.
Previous findings demonstrated that Axin levels increase in the membrane fraction following Wnt stimulation [3] . However, accompanying changes in the overall and cytosolic levels of Axin were not documented in that study, and thus it remained possible that the increase of Axin in the membrane fraction occurred concomitantly with an increase in overall Axin levels. To test this possibility, we used an approach that capitalized on our ability to detect endogenous Axin in lysates from cultured Drosophila embryonic cells. We treated S2R+ cells with Wingless conditioned medium (Wg CM), and then subjected the lysates to subcellular fractionation and immunoblotting. Confirming robust Wingless pathway activation, the level of phosphorylated LRP6/Arrow increased rapidly following treatment with Wg CM (Fig 8A, left  panel) . As reported previously, the total levels of Axin as determined by measuring all Axin isoforms increased rapidly though modestly following Wingless stimulation [18] (Fig 8A, left  panel, lane 1 and 4) . Furthermore, several slower migrating bands detected by the Axin antibody in the unstimulated state were not present after Wingless stimulation, suggesting an alteration in post-translational modification in response to pathway activation. This result is consistent with previous reports that mammalian Axin is dephosphorylated following Wingless exposure [5, 24, 25, 47] . Importantly, supporting our immunostaining results in fly embryos, the relative ratio of Axin in the cytoplasmic and membrane fractions was similar in the absence or presence of Wingless stimulation, indicating that bulk redistribution of Axin from cytoplasm to membrane in response to Wingless does not occur (Fig 8A, left panel) .
Our previous work revealed that after Wnt stimulation, the level of ADP-ribosylated Axin increases, and ADP-ribosylation promotes the interaction of Axin with phospho-LPR6/Arrow in both Drosophila and human cells [18] . To further investigate whether the cytosolic and membrane pools of Axin are differentially regulated in response to Wingless stimulation, we examined the subcellular localization of ADP-ribosylated Axin by subjecting cytosolic and membrane fractions from S2R+ cell lysates to the GST-WWE pull-down assay. Consistent with our hypothesis that Axin is ADP-ribosylated primarily at the membrane, we found that the vast majority of ADP-ribosylated Axin is present in the membrane fraction in the unstimulated state (Fig 8A, right panel, lane 1 and 2) . We next determined whether Wingless exposure alters the subcellular localization of ADP-ribosylated Axin. We confirmed that Wingless stimulation induces a marked increase in the level of ADP-ribosylated Axin, and furthermore, found that this Wingless-induced increase in ADP-ribosylated Axin is confined largely to the membrane (Fig 8A, right panel) . Consistent with our previous finding that Axin ADP-ribosylation enhances its interaction with phospho-LRP6 [18] , phospho-LRP6 was also pulled down by GST-WWE in the membrane fraction following Wingless stimulation, likely through the interaction with ADP-ribosylated Axin (Fig 8A, right panel) . We conclude that Wingless exposure does not result in bulk redistribution of Axin from the cytosol to the plasma membrane, but rather induces increased levels of both cytoplasmic and membrane-associated Axin, with a preferential increase in the level of ADP-ribosylated Axin at the membrane, which likely facilitates the association between Axin and phospho-LRP6 and thus the activation of Wingless pathway. 
Discussion
Although Axin is a core component of Wnt pathway, the regulation of Axin remains poorly understood, largely due to technical challenges in studying endogenous Axin, which is present at low levels. Here, we capitalized on the sensitivity of an antibody that detects endogenous Drosophila Axin in vivo and in cultured cells to study Axin regulation. We found that even in the absence of Wnt stimulation, a pool of Axin is present in puncta that are localized at or proximal to the basolateral cell membrane in vivo. Subcellular fractionation of Drosophila embryos and cultured embryonic cells supported the membrane association of Axin in unstimulated conditions. These results were further supported by an experimental system in Drosophila embryos in which exogenous Axin was expressed at levels that are within two-fold of endogenous Axin and thus does not disrupt Wnt signaling [18] . We utilized this system to reexamine the proposed redistribution of Axin from cytosol to plasma membrane following Wingless stimulation. In contrast with previous work based on Axin overexpression at levels that abrogated Wingless signaling [21] , we found that the initial response to Wingless stimulation is not bulk translocation of Axin from cytosol to plasma membrane, but instead a modest increase in both cytoplasmic and membrane-associated Axin, and is followed by Axin proteolysis. Furthermore, evidence from our subcellular fractionation studies of Drosophila S2R + cells responding to Wingless exposure also did not support the bulk relocation of Axin from cytoplasm to cell membrane in response to stimulation, but did suggest changes in Axin posttranslational modification (see below).
Previous work indicated that Axin is sequestered in multivesicular bodies (MVBs) that form following Wnt stimulation [48] ; however a subsequent study revealed that MVB formation is not required for Wnt pathway activation in Drosophila [49] . The membrane-proximal Axin puncta we have observed are unlikely to represent MVBs, since these puncta are found in the absence of Wnt exposure; however, the presence of these puncta may suggest that Axin associates with other types of vesicles juxtaposed with the plasma membrane. Previously, endogenous Axin was observed in puncta that were termed "degradasomes" in mammalian cultured cell lines; however these puncta were detected only when both Axin and Tnks levels were aberrantly increased by the use of Tnks inhibitors [50, 51] . The presence of Axin in widespread puncta was also reported following overexpression of mammalian or Drosophila Axin and/or Apc, and those puncta were proposed to contain the destruction complex and promote β-catenin degradation [52] [53] [54] [55] [56] . Our documentation of membrane-proximal puncta containing Axin at endogenous levels furthers this previous work, and also reveals that the formation of these Axin puncta is largely dependent on the activity of endogenous Apc. As some of these Axin-containing puncta overlap the endogenous Apc signal, they may indeed represent the sites of destruction complex activity. How Apc promotes the localization of Axin to these membrane proximal puncta awaits further investigation, but may involve previously proposed roles for Apc in the facilitation of Axin multimerization [22, 56] .
We find that the membrane association of Axin promotes its proteolysis in the unstimulated state, and thus is important to maintain Axin at concentration-limiting levels. Previous studies revealed that Tnks-dependent Axin degradation is one of the mechanisms that maintain Axin at low levels in both mammalian and Drosophila cells [12, 15, 16] , and our results herein indicate that Tnks targets the membrane-associated pool of Axin for ADP-ribosylation and degradation. Therefore, we propose that Tnks-mediated ADP-ribosylation of Axin at the membrane is important to control Axin levels under basal conditions. Previous work revealed that mammalian Tnks localizes to the lateral membrane in polarized epithelial cells [57] ; therefore, it is possible that enrichment of Tnks activity at the membrane promotes the proteolysis of membrane-associated Axin. Alternatively, membrane association may simply result in a local enrichment as Axin moves from a three-dimensional space (the cytoplasm) to a 2-dimensional surface (the plasma membrane), and could thereby promote Tnks-dependent Axin ADP-ribosylation and subsequent degradation. Whether the cytoplasmic and membrane-associated pools of Axin are targeted for proteolysis through distinct mechanisms awaits further studies.
Whereas ADP-ribosylated Axin is associated primarily with the membrane fraction, the membrane-association of Axin does not require ADP-ribosylation. In addition, three findings support the conclusion that the association of Axin with the membrane does not require Wingless stimulation: membrane-proximal Axin puncta are observed ubiquitously in larval imaginal discs, Axin is enriched at the cell membrane prior to the onset of Wingless expression during embryogenesis, and this membrane association is not disrupted by inactivation of the Wingless co-receptors LRP6/Arrow and Frizzled, both of which are essential for the response to Wingless stimulation. Previous studies in Xenopus embryos revealed that Axin at the plasma membrane could be partially precipitated using concanavalin A beads, indicating that a pool of Axin is associated with membrane glycoproteins [52] . The precise mechanisms that maintain Axin's membrane association await further investigation.
Taken together, our results indicate that a pool of Axin localizes to puncta at or near the cell membrane and is targeted for degradation by Tnks under basal conditions. We propose that this set up not only maintains Axin at low levels in the absence of Wnt stimulation, but also provides a mechanism that can trigger the rapid transition in Axin activity that facilitates signaling following Wnt stimulation. In support of this hypothesis, our recent work revealed that Axin levels, and in particular the ADP-ribosylated pool of Axin, increase rapidly after Wnt stimulation and that ADP-ribosylation enhances the association of Axin with phospho-LRP6/ Arrow [18] . Herein, by analyzing the subcellular distribution of endogenous Axin, we found that the vast majority of ADP-ribosylated Axin is membrane-associated under basal conditions. In response to Wnt exposure, the increased pool of ADP-ribosylated Axin remains membrane-associated, and thus may further enhance the Axin-phospho-LRP6 interaction through both increased local concentration and increased affinity. The mechanisms underlying the rapid increase in Axin levels after Wnt exposure, and specifically in the ADP-ribosylated Axin pool, await further investigation, but we speculate that this response results from the rapid inhibition of Axin proteolysis that follows Wnt exposure. Furthermore, immunoblots with our Axin antibody suggest changes in post-translational modification of endogenous Axin in response to Wnt stimulation, consistent with the known Wnt-induced dephosphorylation of Axin that is thought to diminish the association between Axin and β-catenin [5, 24, 25] . Therefore, we hypothesize that modulation of two post-translational modifications in Axin-ADP-ribosylation as documented herein, and dephosphorylation as documented previously [5, 24] -promote the initial response to Wnt stimulation. Specifically, dephosphorylation of Axin inhibits the destruction complex [24, 47] , whereas ADP-ribosylation of the membraneassociated pool of Axin enhances the association of Axin with phospho-LRP6, a step that promotes assembly of the signalosome [18] .
Based on these findings, we propose a revised model in which the membrane association of Axin is important for its regulation in both unstimulated and stimulated states (Fig 8B) . In the absence of Wnt ligands, membrane-associated Axin is a substrate for ADP-ribosylation and ubiquitination, which targets Axin for degradation and thereby controls its limiting concentration that is important for the regulation of Wnt signaling. We speculate that Wnt stimulation rapidly inhibits Axin degradation, thereby inducing an increase in the level of membrane-associated, ADP-ribosylated Axin. As ADP-ribosylation enhances the interaction of Axin with phospho-LRP6 [18] , the Wnt-induced increase in levels of membrane-associated ADP-ribosylated Axin likely promotes the role of Axin in signaling activation. An extracellular gradient of Wingless protein forms on the basolateral surface of epithelial cells [58, 59] ; therefore we postulate that in response to Wingless stimulation, Axin associated with or near the basolateral cell membrane jump-starts the rapid association of Axin with LRP6, which is among the earliest responses to Wnt exposure [3] .
Materials and Methods
Flies and genetics
A complete deletion of the Axin gene, Axin 18 , was isolated by FLP-mediated trans-recombination between FRT sites [60] [17] , and Tnks 503 [17] . The maternal α4-Gal4:VP16 driver (mat-Gal4; line 67) contains the maternal tubulin promoter from αTub67C and the 3' UTR from αTub84B [70, 71] . Canton S flies were used as wild-type controls. All crosses were performed at 25˚C unless otherwise indicated.
Generation of somatic mutant mitotic clones
Somatic mitotic mutant clones were generated by FLP-mediated recombination [72] . Clones induced by hsFLP1 were generated by subjecting first and second instar larvae to a 37˚C heat shock for 2hr and analyzed at third instar larval stage. Cell culture and transfection S2R+ cells (Drosophila Genomics Resource Center) were maintained at 25˚C in Schneider's complete medium: Schneider's Drosophila medium with L-glutamine (Gibco) supplemented with 10% FBS (Gibco) and 0.1mg/mL penicillin/streptomycin (Invitrogen). Cells were transiently transfected using calcium-phosphate DNA precipitation [73] .
Wingless conditioned medium
To collect Wingless conditioned medium (Wg CM), S2TubWg cells (Drosophila Genomics Resource Center) were grown to confluence, then split 1:3 and incubated at 25˚C for 72 hours. Cells were then re-suspended in the medium and centrifuged at 1000 x rpm for 5 minutes at room temperature; the supernatant was centrifuged again at 5000 x rpm for 5 minutes at room temperature. The resulting supernatant contained the Wingless conditioned medium, which was stored at 4˚C.
For treatment with Wg CM, cells were washed one time with serum-free, antibiotic-free, Schneider's medium. Wg CM or complete medium (CTR) was added and cells were incubated at 25˚C for 1 hour.
Transgenes and plasmids
pUASTattB-Axin-V5 and pUASTattB-AxinΔTBD-V5 were generated as described [18] . To generate pUASTattB-Myr-Axin-V5 transgene, the myristoylation sequence was added to pUASTattBAxin-V5 [18] by two rounds of PCR-mediated mutagenesis using the oligonucleotides: forward: 5'-ATG GGC AAC AAA TGC TGC AGC AAG CGA CAG AGT TTC atg agt ggc cat cca tcg gga at-3' (residues in upper-case denote the myristoylation sequence), and reverse: 5'-gtc aac ttc ctc gag cag-3'. The resulting PCR product was used as a template and amplified with the oligonucleotides: forward: 5'-gag ggt acc tac tag tcc agt gtg gtg gaa ttg atc ATG GGC AAC AAA TGC TGC AGC AA -3', and reverse: 5'-gtc aac ttc ctc gag cag-3'. The resulting fragment was digested with KpnI and XhoI and inserted into pUASTattB-Axin-V5 at the KpnI and XhoI sites.
The control pUASTattB-Myr G-A -Axin-V5 was generated by PCR-mediated mutagenesis using pUASTattB-Myr-Axin-V5 as a template and the oligonucleotides: forward: 5'-gag ggt acc tac tag tcc agt gtg gtg gaa ttg atc ATG GCC AAC AAA TGC TGC AGC AA -3' and reverse: 5'-gtc aac ttc ctc gag cag-3'. The resulting fragment was digested with KpnI and XhoI and inserted into pUASTattB-Axin-V5 at the KpnI and XhoI sites.
To generate pUASTattB-Myr-AxinΔTBD-V5, the same procedure and the same oligonucleotides as above were used. The resulting fragment was digested with KpnI and XhoI and inserted into pUASTattB-AxinΔT BD-V5 at the KpnI and XhoI sites.
Plasmids used for transfection of Drosophila S2R+ cells were pAc5. 
Immunoblots and immunostaining
For S2R+ cell lysates used in immunoblots, cells were washed with cold PBS and lysed in 4X Laemmli buffer supplemented with 0.1M DTT. For larval lysates used in immunoblots, third instar larvae were dissected to remove salivary glands, fat body, and gut tissues in cold PBS. After removal of PBS, 4X Laemmli loading buffer supplemented with 0.1M DTT was added and the lysates were vortexed briefly. For midgut lysates used in immunoblots, midguts from 5-day-old adults were dissected in cold PBS, and then treated with 1x Trypsin EDTA (Corning Life Sciences) for 2 hours at room temperature. Tissues were washed with PBS and homogenized in 4X Laemmli loading buffer supplemented with 0.1M DTT. All the lysates were incubated for 5 minutes at 100˚C before SDS-PAGE analysis. Quantification of immunoblots was performed with ImageJ (Wayne Rasband, National Institutes of Health). Statistical analysis (t-test) was performed using Prism (GraphPad).
For immunostaining, third instar larval wing imaginal discs and pupal wings were dissected in PBS, fixed in 4% paraformaldehyde in PBS for 20 minutes. For immunostaining of adult guts, midguts were dissected in PBS, fixed in 4% paraformaldehyde in PBS for 45 minutes. After fixation, all samples were washed with PBS with 0.1% Triton X-100, followed by incubation in PBS with 0.5% Triton X-100 and 10% BSA for 1 hour at room temperature. Incubation with primary antibodies was performed at 4˚C overnight in PBS with 0.5% Triton X-100. Incubation with secondary antibodies was for 2 hours at room temperature. Specimens were mounted in Prolong Gold (Invitrogen). Immunostaining of embryos was performed as described [18] . Fluorescent images were obtained on a Nikon A1RSi confocal microscope or Zeiss LSM 880 microscope with Airyscan (Fig 2G-2I ) and processed using Adobe Photoshop software.
Antibodies
The primary antibodies used for immunoblotting were mouse anti-V5 (1:5000, Invitrogen), guinea pig anti-Axin (1:1000, [17] ), rabbit anti-Kinesin Heavy Chain (1:10000, Cytoskeleton), mouse anti-alpha-Tubulin (1:10000, DM1A, Sigma), rabbit anti-alpha-Tubulin (1:10000, Sigma), rabbit anti-Gluthathione-S-Transferase (1:10000, Invitrogen), rabbit anti-phospho-LRP6 [Thr1572] (1:1000, Millipore), mouse anti-Nervana antibody (Nrv5F7, 1:1000, DSHB), and guinea pig anti-Arrow antibody (1:1000, [74] ). The primary antibodies used for immunostaining were guinea pig anti-Axin (1:1000, [17] ), rabbit anti-β-gal (1:1000; MP Biomedicals), mouse anti-Arm (1:20; DSHB), mouse anti-Fas III (1:20; DSHB), mouse anti-Discs Large (1:20; DSHB), rabbit anti-GFP (1:200; Invitrogen), mouse anti-V5 (1:5000; Invitrogen), rabbit anti-Apc2 (1:1000; [75] ), and guinea pig anti-Senseless (1:1000, [76] ).
The secondary antibodies used for immunoblotting were: goat anti-rabbit HRP conjugate (1:10000, Biorad), goat anti-mouse HRP conjugate (1:10000, Biorad), and goat anti-guinea pig HRP conjugate (1:10000, Jackson ImmunoResearch). The secondary antibodies used for immunostaining were goat or donkey Alexa Fluor 488, 555 or Cy5 conjugates (1:400; Invitrogen).
Subcellular fractionation
Embryos were collected 0-2.5 hours after egg lay, dechorionated in bleach for 45 seconds, and washed extensively with water and 1X PBS. Embryos and S2R+ cells were lysed in lysis buffer (20mM HEPES, 10mM KCL, pH 7.9) supplemented with 0.5mM DTT and 1X protease/phosphatase inhibitor cocktail (Pierce) with a dounce homogenizer (200 strokes). Lysates were spun at 1000 x g for 10 minutes to obtain total lysate. Supernatant was subsequently spun at 100,000 x g for 30 minutes to pellet the membrane fraction. Supernatant containing cytosolic fraction was saved and pellet containing membrane fraction was resuspended in lysis buffer supplemented with 0.5mM DTT, 1% NP-40, and 1X protease/phosphatase inhibitor cocktail (Pierce).
GST-WWE pull-down assay
For GST pull downs, GST-WWE and GST-WWE R164A beads were generated as described previously [14] . S2R+ cells were treated as indicated, then washed once with cold 1X PBS and lysed in RIPA buffer (50mM Tris [pH 8.5], 300 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with 1μM ADP-HPD (Enzo Lifesciences), and 1X protease and phosphatase inhibitor cocktail (Pierce). Lysates were incubated with GST-WWE or GST-WWE R164A beads overnight at 4˚C. (B-B" ). Axin-V5 increases both at the plasma membrane and cytoplasm (white arrows) in segmental stripes that overlap with Wg stripes (C-C"). Similar patterns were observed at different focal planes, suggesting an overall increase of Axin levels in response to Wg stimulation. Cells not exposed to Wg display weaker Axin-V5 staining both at the cell membrane and cytoplasm (yellow arrowheads). Z series images are from apical to basal levels (A-A") at 0.5μm steps. Scale bar: 20μm. (TIF) Marlar for technical assistance. Stocks obtained from the Bloomington Drosophila Stock Center (NIH P10OD018537) were used in this study.
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